Purpose: "Heart Function View (HFV)" is a software that performs phase analysis as well as functional assessment of the left ventricle (LV) using myocardial perfusion single photon emission computed tomography (SPECT) (MPS). Phase analysis-derived phase standard deviation (PhSD) and histogram bandwidth (PhHB) are good indices for detecting LV dyssyncrony. We aimed to examine whether PhHB and/or PhSD (PhHB/PhSD) are useful clinical indicators that reflect the severity of heart failure (HF) in comparison with the LV ejection fraction (EF).
aging-related diseases such as hypertension, ischemic heart disease, and heart conduction disorders have been shown to modify cardiac changes, particularly in elderly patients (6, 7) .
When asymmetric wall hypertrophy, localized wall motion abnormalities due to coronary artery disease (CAD), or conduction disturbances such as bundle branch blocks, occur, these changes may cause regional discordance in contractility. When LV regional discordance or dyssynchrony is induced, it may reduce pumping efficiency, resulting in a decrease in the LV ejection fraction, even if myocardial energy metabolism is maintained. Recent studies reported that phase analysisderived phase standard deviation (PhSD) and histogram bandwidth (PhHB) are good indices for detecting LV dyssynchrony (8) (9) (10) . These parameters were shown to be useful for predicting responses to cardiac resynchronization therapy (CRT) (11, 12) .
"Heart Function View (HFV)" is a software that performs phase analysis as well as functional assessment of the LV from myocardial perfusion single photon emission computed tomography (SPECT) (MPS) (13) . This program provides information on the distribution of time intervals when various regions of the LV wall start to contract. PhHB and/or PhSD 
Methods

Subjects for the HFV analysis
Subjects comprised patients who underwent MPS between July 1, 2004 and February 28, 2013 CRT in the CRT study only ( Fig. 7 , which will be discribed later). Patient characteristics are shown in Table 1 .
Stress MPS
A symptom-limited treadmill exercise test was performed.
In the Bruce protocol (17) (14, 15, 19) .
Statistical analysis
Data are expressed as the mean ± SD. The relationships between functional parameters and exercise duration were examined by a linear regression analysis. Single comparisons were performed with the Student's paired or unpaired t-test. A value of p<0.05 was considered to be significant.
Results
Relationship between age or QRS duration and PhHB/ PhSD/LVEF
As shown in Fig. 1 , there were no correlations between age and PhHB/PhSD in the 66 patients studied. Positive linear correlations were observed between the ECG QRS duration and PhHB/PhSD. In addition, there were no correlations between age and LVEF in 66 patients (figure not shown). A negative linear correlation was found between the ECG QRS duration and LVEF (r=-0.65, p<0.0001, figure not shown). (3) Chest symptoms (5) Dyspnea (2) General fatigue (3) Dizziness (2) General fatigue (1) Diseases (n) Suspected ischemic heart disease (26) Dilated cardiomyopathy (4) Old myocardial infarction (13) Cardiac sarcoidosis (1) Dilated cardiomyopathy (5) Others (1) Hypertensive heart disease (5) Valvular disease (4) Cardiac sarcoidosis (3) ARVC (1) Others (9) ARVC: Arrhythmogenic right ventricular cardiomyopathy, BMI: body mass index, CRT: cardiac resynchronization therapy, LVEF: left ventricular ejection fraction, PhHB: phase analysis-derived histogram bandwidth, and PhSD: phase standard deviation correlate with 1/3FF, but positively correlated with PFR (r= 0.53, p<0.0001); PhHB showed a negative linear correlation with 1/3FF (r = -0. 69, p < 0. 0001) and PFR (r = -0. 46, p = 0.0004); PhSD also negatively correlated with 1/3FF (r=-0.65, p<0.0001) and PFR (r=-0.37, p=0.0048) (figure not shown). There was no significant difference between heart rate at rest (65±11 b.p.m.) and that after exercise (67±11 b.p.m.) in these 66 patients. CRT than in those without. Even when the two patients who received CRT after the MPS study were excluded, these differences were significant (EF, p=0.0001; PhHB, p=0.0001; PhSD, p=0.0020 by Student's t-test).
Relationship between UCG-derived SPWMD and PhHB/ PhSD
Relationship between LVEDV/LVESV and LVEF/PhHB
Relationship between LVEF/PhHB/PhSD and diastolic F (x) 1/3FF /PFR
Relationship between LVEF/PhHB/
Comparison of LVEF/PhHB/PhSD between patients with and without CRT
Relationship between LVEF and PhHB/PhSD
The relationship between LVEF and PhHB/PhSD was examined. There was a negative correlation between LVEF and PhHB (r= -0. 76, p < 0. 0001, n = 66, figure not shown). There was also a negative correlation between LVEF and PhSD (r=-0.77, p<0.0001, n=66, figure not shown).
Discussion
Study results
In the present study, we examined the utility of PhHB/PhSD as clinical indicators that reflect HF severity. From a clinical viewpoint, the pathology of HF may be characterized by the 
Relationship between age and PhHB/PhSD
As described above, aging may induce LV structural and functional changes (7) . We initially examined the relationship between age and PhHB/PhSD. In the patients studied, no correlation was found between age and PhHB/PhSD. Disease itself rather than aging appears to influence PhHB/PhSD. Furthermore, there was no correlation between age and LVEF. to CRT to be accurately predicted (12) . However, in a study by Nakajima et al., PhHB/PhSD calculated by HFV did not correlate with those by ECTb in 69 subjects (22) . LV dyssynchrony parameters from HFV correlated with those from another analysis program, cardioREPO (cREPO).
Relationship between the QRS duration and PhHB/PhSD
Regarding the normal values of PhHB/PhSD in that study, there appeared to be similarities between ECTb and cREPO and between QGS and HFV. Thus, differences among phase dyssynchrony parameters were reported in the four analysis software programs. Hence, here we examined the relationship between HFV-derived PhHB/PhSD and septal-to-posterior wall motion delay (SPWMD) as an UCG marker of LV dyssynchrony. SPWMD is a useful UCG index for the assessment of responses to CRT (18) . As expected, a correlation was observed between PhHB/PhSD and SPWMD in the present study.
Relationship between LVEDV/LVESV and PhHB/PhSD
In the present study, LVEDV/LVESV positively correlated with PhHB/PhSD. LVEDV/LVESV negatively correlated with LVEF. In general, the bigger cardiac size is, the worse cardiac function becomes (23) . Therefore, increases in PhHB/PhSD indicate LV structural and functional changes.
Relationship with LV diastolic F (x) 1/3FF/PFR/tissue
Doppler E/e'
In the present study, PhHB/PhSD correlated with LV diastolic F (x) 1/3FF/PFR/tissue Doppler E/e'. LVEF correlated with PFR/E/e', but not with 1/3FF. As described earlier, phase images show the distribution of time intervals when various regions of the LV wall start to contract (8) (9) (10) 24) .
Therefore, PhHB/PhSD may be regarded as systolic F(x) (i.e., if LVEF is normal, heart failure is known to be caused by diastolic dysfunction, which is so-called "diastolic heart failure (DHF)" (26) . In this case, HF severity cannot be judged by LVEF. The evaluation by PhHB/PhSD from HFV may be useful for DHF. In an UCG study, Wang et al. reported that systolic dyssynchrony was observed in 33% of DHF patients, while diastolic dyssynchrony was detected in 58% (27) .
Boogers et al. reported that a diastolic phase analysis on gated
MPS revealed a good correlation with TDI for the assessment of LV diastolic dyssynchrony (28) . Theoretically, the assessment of PhHB/PhSD with diastolic phase analysis, not systolic phase analysis, of gated MPS is warranted for DHF.
However, presently, it seems difficult to obtain useful results by applying diastolic phase analysis to ordinary MPS examination because of scattered data values. Therefore, further studies are warranted to confirm the usefulness of a diastolic phase analysis using gated MPS.
Relationship between LVEF/PhHB/PhSD and log BNP
Pasma BNP concentrations are a reliable biochemical marker of HF severity (16) . Furthermore, BNP is a prognostic marker of chronic HF (29) . In the present study, LVEF strongly correlated with log BNP, while the correlation between PhHB/PhSD and log BNP was relatively weak.
Plasma BNP concentrations appear to be closely related with cardiac pumping function, and the low LVEF values obtained by 3-dimensional analyses may accurately represent the cardiac pumping dysfunction. On the other hand, increased PhHB/PhSD did not necessarily mean cardiac pumping failure. In no-symptom patients with a bundle branch block, global cardiac pumping function may be preserved. Since this study included these patients, the relationship between log BNP and PhHB/PhSD was weaker than that with LVEF.
Further studies are needed to establish whether PhHB/PhSD have prognostic value in chronic HF.
Relationship with exercise capacity
In the present study, PhHB/PhSD negatively correlated with treadmill exercise capacity as a physiological indicator of HF, whereas LVEF did not. The reason for this is unclear; however, previous studies indicated that LV diastolic dysfunction rather than systolic function is associated with exercise intolerance (30, 31) , and PhHB/PhSD are related to diastolic function as described above. Although the mechanisms underlying the relationship between diastolic function and exercise capacity have not yet been elucidated in detail, previous studies provided some explanations (30) (31) (32) (33) (34) (35) (36) (37) . In tachycardia induced by exercise, abnormalities in LV diastolic relaxation and filling may limit the ability to achieve adequate cardiac output, even if systolic function is preserved (32) . An excessive increase in pulmonary capillary wedge pressure during exercise may be the main cardiac cause of exertional dyspnea (30, 33) , and abnormalities in UCG tissue Dopplerderived diastolic F (x) are related to elevated pulmonary capillary wedge pressure (34, 35) . Moreover, LV diastolic dysfunction may be related to skeletal muscle weakness (36) , particularly inspiratory muscle weakness (37) , causing dyspnea and tachypnea during exercise. We discussed these matters in our previous study (31) .
Changes in LVEF/PhHB/PhSD after exercise
In the present study, LVEF decreased by no more than 4% after exercise. In contrast, PhHB/PhSD increased by no less than 30%. Because all the patients studied showed nonischemic findings in exercise testing, these changes were considered unrelated to myocardial ischemia. Previous studies suggested that a change in LV systolic or diastolic function after exercise is a useful marker of the occurrence of myocardial ischemia (38, 39 change observed in PhHB/PhSD after exercise.
As described above, LVEF slightly, but significantly decreased (-4%) after exercise in our study. Previously, we examined whether change in LVEF during stress testing assessed using MPS, was useful as an indicator of myocardial ischemia (39) . As a result, altered LVEF after exercise was useful for the detection of myocardial ischemia. However, similar findings were observed in some patients with cardiac dysfunction, but without detectable ischemia. Such findings were not observed in patients without LV dysfunction.
Therefore, in patients with cardiac dysfunction, but without ischemia, cardiac load itself may deteriorate cardiac dysfunction. Alternatively, these patients may have ischemia that cannot be detected. Furthermore, LV dysfunction has low amplitude of wall motion, which may induce an artifact for functional or phase analysis because of limited spatial and time resolution. We discussed these matters in our previous study (39) . In the present study, data obtained from patients with cardiac dysfunction might have affected the results.
Further examinations are needed.
LVEF/PhHB/PhSD in patients with and without CRT
As expected in the present study, LVEFs were lower in patients with CRT than in those without, while PhHB/PhSD were greater in patients with CRT than in those without. As described earlier, most of the MPS studies were performed after CRT to avoid the cardiac risk associated with exercise stress. Nevertheless, PhHB/PhSD values in patients with CRT were still higher. Strictly speaking, PhHB/PhSD values cannot differentiate between dyssynchrony and wall motion abnormality. Moreover, these are often mixed in the dysfunctional heart. Therefore, increases in PhHB/PhSD might have been influenced by local or global wall motion abnormality.
Boogers et al. reported that a gated SPECT-derived phase analysis was useful not only for the detection of LV dyssynchrony, but also for the prediction of CRT responses (12) . We did not assess the prognosis of CRT patients; therefore, further studies are needed to clarify how a phase analysis including a stress test provides prognostic information for patients receiving CRT.
Comparison with normal LVEF/PhHB/PhSD values using HFV
Normal values for LVEF/PhHB/PhSD using HFV were recently reported: LVEF 71.7±6.4%, PhHB 19.9±9.1 degrees, and PhSD 5. 4 ± 2. 5 (22) . Therefore, among the patients studied, the mean LVEF was within the normal range, whereas the mean values of PhHB/PhSD were greater, and this may have influenced our results. Moreover, gender differences have been reported in these values: male, LVEF 69.5±6.4%, PhHB 23.1±9.5 degrees, and PhSD 6.2±2.7; female, LVEF 74.0±5.7%, PhHB 16.5±7.2 degrees, and PhSD 4.4±1.8.
However, gender differences were not investigated in the present study because of the small number of patients examined. Thus, further studies are needed.
Conclusion
As clinical indicators of HF severity, the significance of LVEF and PhHB/PhSD differed despite having similar properties: (a) PhHB/PhSD rather than LVEF were more closely related to diastolic function as a hemodynamic HF indicator; (b) LVEF rather than PhHB/PhSD was more closely related to plasma BNP as a neurohumoral HF marker; and (c) PhHB/PhSD, not LVEF, were related to exercise capacity as a physiological HF indicator. Thus, an additive phase analysis may provide useful information for HF management.
